The peripheral vascular response to hemorrhagic hypotension was examined in thirteen anesthetized dogs on cardiopulmonary bypass. Nine animals were subjected to 2 or 4 hours of hypotension by decreasing pump output (30 ml/kg/min), thereby controlling mean arterial blood pressure at 40 mm Hg. Systemic flow was then returned to prehypotensive levels (100 ml/kg/min), and the animals were observed for 6 more hours. Dynamic venous compliance was determined by occluding the venous outflow catheters and recording the venous pressure rise at a known rate of inflow. Venous compliance, changes in reservoir fluid volume, total peripheral resistance, and mean arterial blood pressure were measured at 30-minute intervals. During the first hour of hypotension there was a marked increase in venous compliance, a decrease in reservoir fluid volume, and an increase in total peripheral resistance. Fluid uptake increased during the first hour after returning flow to control values, although mean arterial blood pressure, venous compliance, and total peripheral resistance were similar to the controls during the posthypotensive period. Three dogs were subjected to the same procedure, but without hypotension, to determine the influence of extracorporeal circulation on dynamic compliance when flow is constant. The results indicate that the dog on cardiopulmonary bypass responds to hypotension by arterial constriction and an increase in venous compliance. There was no evidence to indicate a loss of venous or arterial tone within 6 hours following the period of hypotension, although the gross changes in the gut at autopsy were similar to those seen in dogs dying in hemorrhagic shock.
return could account for the fall in cardiac output, and there is recent evidence to support this view (2) . In contrast, Crowell and Guyton (3) indicated that cardiac failure was responsible for the decreased systemic flow.
The studies reported here were designed to evaluate the peripheral vascular response of the entire systemic bed to hemorrhagic hypotension. Oligemic shock was simulated in dogs but myocardial failure was eliminated as a factor by employing cardiopulmonary bypass so that systemic flow could be decreased or increased as desired. Particular attention was focused on the venous response to decreased systemic flow and its subsequent return to normal.
Previous investigations indicate that the venous system functions as a capacitance bed 108 LONGNECKER, ABEL and plays an important role in regulating cardiac filling (4, 5) . The veins could respond to hemorrhagic shock in one of three ways: (1) venoconstriction with enhanced venous return, (2) venodilatation with peripheral pooling and decreased cardiac output, or (3) venous tone could remain unchanged and the veins could react passively to changes in intravascular volume and flow.
A technique reported by Ross et al. (4) was used to demonstrate the response of the superior and inferior vena caval beds to hemorrhagic hypotension. Individual organ systems were not studied.
Materials and Methods
Thirteen mongrel dogs (7.4 to 21.8 kg) were used in this study. Nine animals were used for experimental purposes and each served as his own control. Three animals were placed on total cardiopulmonary bypass to determine the effects of extracorporeal circulation without variations in flow on venous distensibility. One dog was used to test responsiveness to drugs.
The animals were anesthetized with pentobarbital, 25 to 30 mg/kg iv. The trachea was intubated, and positive-pressure ventilation was established with a volume-limited ventilator (Harvard Apparatus Co., Millis, Mass.).
Anticoagulation was achieved with heparin, 3 mg/kg iv, supplemented at 2-hour intervals with one half the initial dose. Large catheters were placed in the superior vena cava and the inferior vena cava through a right thoracotomy incision. Ligatures were placed around the vessels to direct all venous return into the oxygenator. The azygos vein was ligated. Blood from these catheters drained into separate reservoirs and then entered a rotating disc oxygenator. Sterile surgical technique was employed throughout. Silastic tubing was used in the extracorporeal circuit.
The oxygenator was primed with three parts of fresh, heparinized cross-matched dog blood to one part of dextran (6% dextran 75 w/v in saline, Abbott). A third calibrated reservoir, filled with die blood-dextran mixture, was also connected to the oxygenator by a separate reversible roller pump. Sensing electrodes in the oxygenator controlled the reservoir pump to maintain a constant oxygenator volume.
The oxygenator gas consisted of a mixture of 98% O 2 and 2% CO 2 at a flow rate two to three times that of the maximal systemic blood flow. A single roller occlusive pump (NIH head) was employed; it produced a pulse pressure of about 30 mm Hg over a range of mean pressures from 40 to Diagram of the experimental preparation. A calibrated reservoir and associated pump, which maintained a constant oxygenator volume, are not shown in this drawing. SVC = superior vena cava. IVC = inferior vena cava. 100 mm Hg. Blood was returned to the proximal ascending aorta via a catheter placed in the aorta through a left ventriculotomy. A ligature was placed around the catheter to prevent retrograde flow into the left ventricle and coronary vessels. Drainage catheters were placed in both ventricles. A cannulating electromagnetic flowmeter transducer and a heat exchanger were included in the arterial circuit. Body temperature was monitored with a rectal thermistor and maintained at 37°C throughout the experiments. Figure 1 shows the experimental preparation (the oxygenator reservoir is not shown).
Small polyethylene catheters were placed in the superior vena cava through an external jugular vein, the abdominal inferior vena cava through a femoral vein, and tlie distal aorta through a femoral artery. The ends of the venous catheters were placed near the apex of the thorax in the superior vena cava and at the level of the diaphragm in the inferior vena cava. In three experiments a small (0.9 mm o.d.) polyethylene catheter was placed in a hindlimb vein and pushed distally as far as possible. The tip of this catheter was wedged into a dorsal paw vein. The catheters were attached to strain gauges for appropriate recording of intravascular pressures.
Individual vena caval flows were determined PERIPHERAL VASCULAR RESPONSE IN SHOCK 109 by occluding the output of the venous reservoirs and measuring the rate of rise of fluid in each container. Dynamic compliance of the individual caval systems was determined by occluding the large venous outflow catheters briefly at the right atrial level, thereby distending the system with blood at a known rate and recording the resultant pressure rise. Systemic flow was held constant during tlie occlusion. Dynamic compliance is defined as AV/AP in these experiments. The volume (AV) was obtained as the product of the previously measured flow and occlusion time. This was divided by the corresponding pressure change to obtain compliance. A typical record and the calculations involved to obtain compliance are shown in Figure 2 ; absolute venous pressure levels were partially determined by the hydrostatic level of the tips of tlie outflow tubing at the collecting reservoirs (suction effect). This level was adjusted to provide adequate drainage in all cases with initial venous pressures from -5 to + 10 mm Hg. Zero hydrostatic pressure level for the pressure transducers was set at the right atria] level.
Occlusion of the venous outflow was frequently associated with an initial rapid increase in pressure of 2 to 8 mm Hg. The mechanism of this transient rise is not clear; the rise was excluded from the compliance determinations. Venous compliance was determined usually for a pressure rise of 15 to 20 mm Hg during which the slope of the pressure versus time plot was linear. Pressures were not allowed to exceed 30 mm Hg in the superior vena cava and 40 mm Hg in the inferior vena cava. Occlusion of venous outflow frequently resulted also in a rise in arterial pressure, beginning at venous pressures of 15 to 20 mm Hg. This was thought to represent distention of the arterial system but was usually not associated with a change in the slope of venous pressure. Where a change in slope did occur, usually evident as a decrease in the rate of pressure rise, Typical venous pressure response to occlusion of the venous return catheters. Calculations to obtain venous dynamic compliance are shown below the record. The slow phasic changes in pressure in the superior vena cava (SVC) are due to respiration. IVC = inferior vena cava.
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compliance determinations were made from the slope prior to this effect. Dynamic compliance in the superior and inferior venae cavae along with changes in volume of the oxygenator reservoir were determined at 30-minute intervals throughout the experiments. Arterial Po 2 , Pco 2 , and pH were measured every 2 hours with a blood gas analyzer (Radiometer Co., Copenhagen, Denmark). The hematocrit of venous blood was also measured every 2 hours.
Three control determinations of compliance were obtained while systemic blood flow was maintained at 100 ml/kg/min. "Hemorrhagic" hypotension was induced by decreasing systemic flow such that the mean arterial blood pressure was controlled at 40 mm Hg (flow rates of about 30 ml/kg/min). The period of hypotension was 2 hours in three animals and 4 hours in six animals. The systemic flow was then returned to 100 ml/kg/min, and the animals were observed for an additional 6 hours.
Three animals were subjected to an identical procedure, but the hypotensive period was eliminated. The chronologic effects of 10 hours of extracorporeal circulation on venous compliance were observed in these animals.
One animal was placed on cardiopulmonary bypass, and the effects of variations in systemic flow on vena caval compliance were observed. Norepinephrine was then infused at a constant rate (2 yug/kg/min) and its influence at various flows determined. Finally, after a period of stabilization, phenoxybenzamine (Dibenzylene), 4 mg/kg, was administered, and the compliance measurements were repeated.
The experimental animals were given norepinephrine, 5 /xg/kg iv, at the end of each experiment to determine the reactivity of the vascular system, i.e., to determine if a rise in ven: us and arterial pressure could still occur.
All control animals and most of the experimental animals were examined at autopsy at the end of the procedure.
Results
Changes in dynamic compliance in the individual caval systems are summarized in Figure 3 . The response of the three animals subjected to 2 hours of hypotension was similar to that of those who were hypotensive for 4 hours; the data were therefore combined. Compliance in the superior vena cava increased to a maximum of 275 ± 12% (mean ± SE) of control after 4 hours of hypotension (P < 0.001). Thirty minutes after flow was Changes in superior vena caval (SVC) and inferior vena caval (IVC) compliance during hemorrhagic shock in nine dogs (means ± SE). Values during hypotension were significant at the P < 0.005 level.
TIME IN HOURS FIGURE 4
Changes in fluid volume in seven dogs during hemorrhagic shock (means ± SE). Plus sign indicates the animal took up fluid from the reservoir. Minus sign denotes a return of blood from the animal to the reservoir. Significant changes (P < 0.005) occurred only during controlled hypotension and during the first hour after control systemic flow was restored.
restored, compliance had returned to near control values (110 ± 14%) and remained statistically unchanged from control during the entire 6-hour posthypotensive period. Compliance in the inferior vena cava increased to a maximum of 310 ± 45% (P < 0.005) after 4 hours of decreased flow. When flow was restored, compliance fell to 73 ± 10% of control and increased gradually thereafter. Again, the changes during the posthypotensive period were not statistically different from control determinations.
Volume changes in the oxygenator reservoir in the experimental animals are shown in Figure 4 . The animals returned 29 ± 9 ml/kg into the reservoir during the first hour of hypotension. Nearly all of this fluid shift occurred during the first 15 minutes of hypotension. Volume changes were not statistically different from zero during the remaining 3 hours of hypotension. Fluid uptake from the reservoir was 86 ± 12 ml/kg (P < 0.005) during the first hour after systemic flow was Circulation Research, Vol. XXV, August 1969 returned to control values. During the remaining 5 hours the rate of uptake from the reservoir averaged 29.2 ± 1.2 ml/kg/hour. Fluid uptake in the three control animals was uniform throughout the procedure and averaged 30.4 ± 4.7 ml/kg/hour (see discussion).
The arterial blood gas data are shown in Figure 5 . Plasma bicarbonate was calculated from a pH-Pcoo nomogram (6) . The arterial P02 was always greater than 100 mm Hg and the arterial Pco 2 was never in excess of 40 mm Hg. Arterial blood pH was considerably less than 7.40 except during the early part of the hypotensive episode. There was a plasma bicarbonate deficiency (negative base excess) of 6 to 12 mEq/liter throughout the period of extracorporeal circulation.
Mean arterial blood pressure and total peripheral resistance are shown in Figure 6 . Mean arterial pressure was 83 ± 3 mm Hg during the control period. The mean pressure was carefully controlled at 40 mm Hg during the hypotensive phase. Blood pressure and Arterial blood gas data in nine dogs during hemorrhagie shock (means ± SE). Plasma bicarbonate was determined from a pH-Pco 2 nomogram. Changes in total peripheral resistance and mean arterial blood pressure (MAP) in nine dogs during hemorrhagie shock. Mean arterial blood pressure was controlled at 40 mm ffg during the hypotensive period.
peripheral resistance in the posthypotensive period were not significantly different from those obtained during the control period. Total peripheral resistance increased to a maximum of 167% of control during the hypotensive episode. There were minor changes in peripheral resistance throughout the hypotensive period which required frequent small adjustments in systemic flow to maintain a constant arterial pressure. It was necessary to decrease flow by 70% to achieve a 52% average decrease in arterial blood pressure. The total peripheral resistance and arterial blood pressure curves were similar during the posthypotensive period. This is to be expected since flow was constant during this time.
Changes in venous compliance were observed after the administration of vasoactive drugs in one control animal. When flow was maintained constant, norepinephrine increased compliance to 140% of control, along with an increase in arterial pressure and total peripheral resistance. Phenoxybenzamine decreased compliance to between 70% and 80% of the control values.
All animals subjected to hypotension showed striking gastrointestinal changes at autopsy. The peritoneal cavity contained moderate amounts of serosanguineous fluid. The liver and spleen were markedly congested, and the bowel wall was hemorrhagic and edematous. Bloody diarrhea was a constant finding, although the actual volume was not measured. In contrast, the three animals subjected to 10 hours of bypass without deliberate hypotension showed only some mild thickening of the bowel wall.
Discussion
Venous dynamic compliance could be influenced by several factors. These include the use of an extracorporeal circulation system, frequency of compliance determinations, flow rate into the veins, arterial blood pressure, and the initial shape and size of the veins.
The chronologic effects of the bypass procedure itself on venous compliance were investigated in the three control animals not subjected to hypotension. The changes in Circulation Research, Vol. XXV, August 1969 compliance in the superior and inferior venae cavae in these animals are shown in Figure 7 . Individual variation is apparent, especially in the inferior vena cava. However, these random changes do not resemble the square-wave responses of the experimental animals in any manner, although it is probable that the values obtained during bypass are different from those in a quiet resting animal. Replogle et al. (7) demonstrated that extracorporeal circulation increased circulating catecholamines markedly, and this could change the initial level of venous tone and thus alter compliance. This influence appears to be rather uniform throughout the 10 hours of bypass in the control animals.
Using a model, Ross et al. (4) were able to demonstrate that venous distensibility is independent of the initial arterial blood pressure. Therefore, hypotension alone should not change compliance. It is apparent in our records that arterial blood pressure does increase during a compliance determination while venous outflow is occluded. This may represent "back up" of blood into the arteriolar network. This usually altered the slope of the pressure-time curve only at higher pressures; compliance measurements were made before such changes in slope.
Alexander (8) demonstrated that the frequency of determining compliance may alter venous distensibility. Time was not a factor if determinations were made at least 20 minutes apart. Our compliance determinations were made, therefore, no more often than every 30 minutes to eliminate this factor. Dynamic compliance is altered by the initial degree of constriction of the veins (9, 10), an increase in compliance occurring with constriction, and a decrease with dilatation. This is presumably a result of the different distensibilities of the fibrous and muscular elements of the vessel wall (9) . Such changes in compliance have also been demonstrated in a preparation similar to the one used here, vasoconstrictor drugs caused an increase and vasodilator drugs a decrease in compliance (4) .
Flow rate into the system will also alter 
HOURS ON BYPASS FIGURE 7
Changes in dynamic compliance in the superior (SVC) and inferior (IVC) venae cavae in three dogs subjected to cardiopulmonary bypass without hypotension.
compliance. Alexander (8) , using isolated segments of splanchnic veins, obtained a reciprocal relationship between flow rate and the venomotor index (similar to venous dynamic compliance). This may result from delayed compliance or stress relaxation. Slower flow rates into the occluded veins would allow more time for stress relaxation to occur and compliance would be increased. Reductions in systemic flow may also alter geometry of the vein wall. Flat or partially filled elliptical veins would be easily distended with little increase in pressure, while full round veins would require more pressure to distend them. Flow reductions similar to those used in the experimental animals were evaluated in a control experiment; repeated reductions in flow never resulted in an increase in compliance of greater than 30%. Thus either stress relaxation or vein geometry could be responsible for the small increase in compliance accompanying flow reduction in the control animals, but not for the large increase at lowered flow rates in the experimental animals. However, when norepinephrine was infused to produce venoconstriction and the flow reductions were repeated, much larger increases in compliance were observed, up to 250X. Venoconstriction should result in two major changes in the venous bed. Compliance of the system should increase while its volume should decrease. In our experiments, both these changes occurred during the hypotensive period when compliance increased to between 200% and 300% of control and the animal returned blood to the oxygenator reservoir. This suggests that venoconstriction occurred during this time, and this constriction was maintained for at least 4 hours. Numerous investigators have demonstrated that circulating catecholamines increase markedly during hemorrhagic hypotension and return to near normal when blood volume is restored (11, 12) . In our experiments, the changes in compliance during hypotension are in the range which resulted, in the control experiment, from flow reduction plus venoconstriction (norepinephrine infusion) but not from flow reduction alone. It appears likely that these changes in compliance are related to changes in sympathetic discharge or circulating catecholamines during hypotension. This probably also accounts for the changes in total peripheral resistance during the hypotensive phase.
Flow was held constant at the control level of 100 ml/kg/min during the posthypotensive phase. Total peripheral resistance, venous compliance, and arterial pressure remained essentially constant during this period. Our experiments show no evidence that the components of the vascular bed primarily responsible for peripheral resistance, presumably the arterioles, lose their ability to constrict. Fatigue of these elements, or refractoriness to the high circulating levels of catecholamines, apparently does not develop during 10 hours of cardiopulmonary bypass. Moreover, injections of norepinephrine or stopping the pump always produced marked vasoconstrictor responses (increased venous and arterial pressure) even when the dog was near death. No effort was made, however, to search for other possible vasoconstrictor substances that might be associated with the use of an extracorporeal circulation.
The hypotensive insult would have been sufficient to produce irreversible hemorrhagic shock in the intact animal. Previous experiments in this laboratory have indicated that 2 Circulation Research, Vol. XXV, August 1969 to 4M hours of controlled hypotension at 40 mm Hg produce irreversible hemorrhagic shock in the dog with an intact cardiovascular system (13, 14) . Cardiac output decreases to about one-third of control during the hypotensive period in the intact animal (13) . Similar flow reductions were employed in the present study. Thus the hypotensive insult used here was almost identical to that which consistently produced irreversible hemorrhagic shock, in our hands, in intact dogs. It seems reasonable that tlie insult of hypotension combined with the surgical manipulations required to establish cardiopulmonary bypass is far more severe than hypotension alone. Furthermore, the posthypotension observation period in the present experiments was extended until the time when most of the intact animals (in previous experiments) would have demonstrated terminal cardiovascular collapse and death. Despite this, it was not possible to demonstrate decreased venous compliance or loss of arteriolar tone as a mechanism to account for the failing cardiac output seen in the intact animal following severe hemorrhagic hypotension.
The blood gas data indicate that the animals were in a state of metabolic acidosis throughout the experiments (Fig. 5 ). The degree of compensation was directly related to the arterial Pco 2 , which depended on the mechanical factors related to gas exchange in the oxygenator (rotational speed of the discs, blood and gas flow through the chamber). This is evident from the reciprocal relation of the arterial pH to the arterial Pco 2 , while the plasma bicarbonate deficit remains essentially constant.
Changes in fluid volume during the control experiments indicate that the procedure itself results in an uptake of fluid by the animal of about 30 ml/kg/hour. The experimental animals followed this pattern closely except during the period of hypotension and in the first hour after flow was restored. Other investigators have observed a large uptake of blood in dogs on cardiopulmonary bypass, presumably into the splanchnic bed (15) . The initial decrease in flow and pressure resulted in a prompt return of fluid from the animal to the oxygenator reservoir as vasoconstriction occurred. The remaining 3 hours were not associated with significant changes in reservoir volume. During the first hour after flow was restored there was a rapid uptake of fluid by the animal (86 ml/kg). If the animals had not been subjected to hypotension, the control experiments indicate that they would take up 120 ml/kg during the 4-hour period. Since 29 ml/kg was returned to the reservoir at the onset of hypotension, the initial predicted uptake would be 91 ml/kg, similar to that obtained. Part of this rapid uptake of fluid may be related to the engorged abdominal viscera and copious intraperitoneal fluid seen at autopsy of the hypotensive animals. However, changes in fluid balance within the various body water compartments were not determined, and we did not measure the amount of fluid lost by diarrhea or from the lungs. Venous hematocrits remained reasonably constant based on the mixture added to the reservoir, usually decreasing later in the experiment when a higher proportion of dextran was often necessary. Following the initial profound fluid shift, the rate of uptake returned to the expected level for the remainder of the procedure.
Attempts to determine volume of circulating blood using an indicator dilution technique were not successful. The lack of an adequate mixing chamber and the need to sample from two separate outflow catheters probably contributed to the failure of this technique to provide useful information. The volume of fluid present in the intestinal tract and peritoneal cavity was not measured.
Splanchnic congestion during extracorporeal circulation has been demonstrated previously, and there is some evidence to indicate that it results from an anaphylactoid reaction to incompatible blood transfusion in the dog (15, 16) . Our animals were carefully crossmatched in an attempt to eliminate this problem. Furthermore, the control animals did not show marked engorgement of the abdominal contents. The site of loss in these animals therefore remains undetermined. The marked changes in the splanchnic bed in the hypotensive treated animals is then related to the hypotension per se, the accompanying decrease in flow, or other factors present during hypotension. Hepatosplanchnic congestion and bloody diarrhea are common findings in the dog in irreversible hemorrhagic shock, although they are not pathognomonic of that condition. In view of the degree and duration of hypotension in these experiments, the presence of these visceral changes lends support to the contention that these animals should have demonstrated peripheral vascular changes characteristic of irreversible hemorrhagic shock, i. e., a decrease in arterial blood pressure.
The splanchnic bed has been implicated as the site of loss of effective circulating blood volume in the normovolemic phase of hemorrhagic shock (17, 18) , either by intravascular sequestration of blood or by loss of blood or blood fractions from the vascular compartments. Alexander (8) found that distensibility of the gut vein increased early and later declined during hemorrhage. The same sequence was observed after the restoration of blood volume. Our compliance measurements do not differentiate between splanchnic and limb veins. However, the rate of pressure rise was similar in the catheters wedged in distal paw veins to that seen in the inferior vena cava. Furthermore, compliances in the inferior and superior venae cavae were not significantly different during the posthypotensive period. These findings indicate that if venodilatation is occurring to a significant extent in the splanchnic area, it is not contributing much to our overall compliance measurements; more likely the "congestion" and accompanying fluid loss represent primarily a change in vascular permeability in that area. The observed responses do agree with those of Ross et al. (4) following the administration of vasoactive drugs and manipulation of the carotid baroreceptors.
The technique used in this study eliminated cardiac failure as a cause of cardiovascular deterioration following oligemic hypotension. No evidence of a peripheral vascular abnor-mality could be demonstrated under these conditions. Blood pressure remained normal for 6 hours after a severe hypotensive insult when cardiac output was maintained constant. Our data do not support the hypothesis that there is a generalized loss of tone in the venous system following hemorrhage, although local changes may be occurring in the splanchnic bed (19) . The lack of evidence for peripheral circulatory failure in this study supports the concept that the heart (or heart and lungs) is responsible for the progressive circulatory decline that follows severe hemorrhagic hypotension.
